The upconversion luminescence ͑UCL͒ of the hexagonal ͑␤͒-phase NaYF 4 : Yb, Er nanophosphors as a function of temperature ͑300-450 K͒ was examined under 978 nm light excitation. The thermal sensitivity was evaluated based on the UCL intensity ratio between 2 H 11/2 -4 I 15/2 and 4 S 3/2 -4 I 15/2 transitions ͑R HS ͒. Excitation power, particle sizes ͑37, 65, and 140 nm͒, ion doping concentrations, and with and without silica coating were studied. It was found that R HS is only dependent on temperature at the low excitation power, and has no direct relation with the particle size and surface effects. Silica coating was found to enhance the thermal stability significantly without altering the thermal sensitivity.
I. INTRODUCTION
The lanthanide ions Ln 3+ ͑Ln= Yb, Er, Tm, and Ho͒ doped into either fluorides, e.g., NaYF 4 and LaF 3 , or oxides, e.g., Y 2 O 3 and Gd 2 O 3 hosts for near infrared-to-visible upconversion nanophosphors ͑UCNPs͒ have attracted much interest in recent years due to their potential applications in biology and security. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In particular, the Yb/Er codoped UCNPs excited by a 978 nm diode laser to yield green and red color emissions, so-called upconversion luminescence ͑UCL͒, have received extensive photophysical explorations. The UCL has been found to be dependent on many factors inherited in UCNP ensembles, e.g., crystalline phases, dopant concentrations, activator ͑Yb 3+ ͒ and acceptor ͑Er 3+ ͒ ratios, particle size and shape, and surface properties. [11] [12] [13] [14] To date, the hexagonal ͑␤͒-phase NaYF 4 : Yb, Er UCNPs at the dopant compositions of 20% Yb and 2% Er are found to be the most efficient UCNPs being widely studied. [15] [16] [17] Besides the inherent properties of the UCNPs, the UCL is also correlated with external factors such as the intensity of the excitation power and thermal conditions. 18, 19 It has been found that the intensity ratio of green to red emission ͑f g/r ͒, where the irradiations in Er 3+ from the excited levels of 2 H 11/2 and 4 S 3/2 to the ground state of 4 I 15/2 ͑greens͒ over the transition of 4 F 9/2 -4 I 15/2 ͑red͒, is an excitation power dependent parameter. 16, 17, 19 Comparing to the f g/r , the intensity ratio of the two green emissions, 2 H 11/2 -4 I 15/2 over 4 S 3/2 -4 I 15/2 ͑R HS ͒, is an even more sensitive parameter for examining the thermal change due to the very narrow energy gap ͑⌬E͒ between the 2 H 11/2 and 4 S 3/2 levels ͑700 cm −1 ͒. 20, 21 Therefore, studying R HS has been one of the key issues to explore the thermal sensitivity of Er and Yb/Er codoped UCNPs for the potential thermal sensing and biosensor materials. [22] [23] [24] Recently, significant achievements have been made in synthesizing colloidal ␤-phase NaYF 4 based UCNPs. [12] [13] [14] 25, 26 Being regarded as the most efficient UC materials, the NaYF 4 codoped with Yb/Er UCNPs are receiving more and more attention due to the broad size tunability ͑5-300 nm͒ 25, 26 and flexible surface modifications for various applications. 8, 13, 27, 28 So far, the study of the thermal effects and R HS of Yb/Er codoped UCNPs has been focused on oxides based NPs, 23, 24 and little has been reported on NaYF 4 : Yb, Er UCNPs; moreover, investigation has been limited to the thermal generation from the excitation power. 23, 24, 29 Suyver et al. 16 studied the thermal effects in bulk NaYF 4 : Yb, Er particles but at low temperature ͑Ͻ300 K͒. The recent thermal study on the sub-20 nm oleylamine ligated NaYF 4 : Yb, Er UCNPs was also on the incident power intensity. 29 Therefore, thermal sensitivity and stability of the colloidal ␤-phase NaYF 4 based UCNPs in a broad size range and various dopant concentrations and ratios have not been well understood.
The goals of this paper are to investigate the thermal sensitivity ͑R HS ͒ and thermal stability of the oleatetrioctylphosphine ͑OA-TOP͒ ligated ␤-NaYF 4 : Yb, Er UCNPs ͑abbreviated as ␤-UCNPs͒ developed by our group. 13, 26 The UCL is measured on the ␤-UCNPs heated from room temperature up to 450 K directly. The designed experimental setup allows us to differentiate the effects of the excitation power from the temperature-only factor. The effects of the NP size and dopant concentrations and ratios on R HS are then studied. For thermal stability testing, the core/shell structured UCNP/SiO 2 NPs are also examined. The work provides useful information on using NaYF 4 based UCNPs as the potential thermal sensing materials.
II. THEORY
The UC process in ␤-UCNPs has been verified to be an energy transfer upconversion ͑ETU͒ involving the cross relaxation ͑irradiative or nonirradiative͒ at intermediate energy 
where n is the number of IR photons absorbed per visible photon emitted and P is the power intensity of the excitation ͑mW/ cm −2 ͒. With the increase in P, there is the competition between linear decay and UC processes for the depletion of the intermediate excited states. As the P is low, linear decay is dominant, so n approximately equals 2, indicating a twophoton upconverting process. The two-photon UC mechanism described here as an Yb 3+ ion in ground-state 2 F 7/2 absorbs a photon and transits to excited-state 2 3+ ions, which account for the partial three-phonon process observed in red emissions for some samples. As the P is increased, UC process is dominant, so n gradually decreases to unity until the saturation of UCL appears. After saturation and continuing increase in P, the thermal effects decrease the UCL. From the above equation, it can be seen that an ETU process is correlated with the P and there is thermal generation at a higher incident P, so the reported R HS as a function of P has multieffects. 
where N 1 and N 2 are the populations ͑UCL intensities͒ of the levels 2 H 11/2 and 4 S 3/2 , respectively, k is Boltzmann's constant, and R HS ͑0͒ is a constant. Understanding the correlations among R HS , P and T is therefore the ground work to explore the potential application of our newly developed ␤-UCNPs.
III. EXPERIMENTS
Scheme 2 shows the temperature controlled heating system using copper as the substrate for the UCL and thermalsensitivity measurements. A removable ceramic mantle is used for heating and the temperature is monitored by a thermocouple embedded on the copper surface near the sample holder. The holder cavity is 0.5 mm in depth ͑6 mm in diameter͒, which promises the readings from the thermocouple are the same as the temperature of the UCNPs. In the measurements of UCL emission spectra, a continuous 978 nm diode laser with power maximum of 2 W is used for excitation, with a focused area of 0.0025 cm 2 . The UCL signals were collected and analyzed by a spectrometer ͑SP-2500i, Princeton Instruments͒ with a 2400 g/mm grating ͑holo-graphic, 400-700 nm͒. The signal was detected by a photomultiplier module ͑H6780-04, Hamamatsu Corp.͒ and was amplified by a lock-in amplifier ͑SR510, Stanford Research Systems͒ together with an optical chopper ͑SR540, Stanford Research Systems͒. The signal was recorded by a computer using the SPECTRASENSE software data acquisition/analyzer system ͑Princeton Instruments͒. Synthesis of the ␤-UCNPs and silica encapsulation and the UCL emission spectra measurements were reported in our previous work. 13, 26 Transmission electron microscopy ͑TEM͒ images were obtained using LEO/Zeiss 910 TEM equipped with a PGT-IMIX EDX sys-SCHEME 2. Heating system for measuring temperature-dependent UCL. SCHEME
tem ͑100 keV͒. With a field-emission-gun, this microscope provides a point-to-point resolution of 0.2 nm, and an electron probe of 0.7 nm with an energy up to 200 keV, respectively. TEM images of the four UCNPs studied in this work are shown in Fig. 1 .
IV. RESULTS AND DISCUSSION
In order to minimize the thermal effects induced by the laser source, an optimal excitation power that does not increase the localized temperature and meanwhile produce enough emission needs to be verified. Figure 2͑a͒ shows the UCL intensities ͑green emission͒ versus excitation power of the three sized ␤-UCNPs.
In Fig. 2͑a͒ , n values ͑green emission͒ of the three UCNPs are changing with the increase in power just as discussed earlier, from 2 to 1 and less than 1. The n values are all approximately 2 at low excitation power ͑e.g., ϳ50 W / cm 2 ͒ which indicates a two-photon ETU process independent of the particle sizes. The saturation powers are 115, 80, and 62 W / cm 2 for 37, 65, and 140 nm UCNPs, respectively, showing the size dependence. For red emissions ͑Figure S1, see supplementary information͒, 30 the same ETU process and correlation of the saturation powers versus sizes are also observed. The possibility of the nonirradiative transition from 4 S 3/2 to 4 F 9/2 in the smaller UCNPs in comparison to the larger UCNPs could be excluded by comparing the f g/r ratios. In Fig. S2 , the f g/r ratios of the 37 nm UCNPs are statistically higher than those of the 65 nm UCNPs, indicating that there is no increasing transition between the 4 S 3/2 and 4 F 9/2 levels with decreasing particle sizes. Hence, the size-dependent saturation power could be ascribed to the surface defects. 23 The smaller particles have larger surface area to volume ratio and therefore more fraction of the surface quenching sites, these increase the nonirradiative decay and saturation power. R HS at different excitation powers ͓Fig. 2͑b͔͒ is then calculated by fitting Gaussian curves of the two peaks ascribed to the transitions ͓Fig. 2͑a͒, inset͔. It can be seen that the R HS ratios of the three UCNPs vary between 0.17 and 0.19 at the excitation power density below 90 W / cm 2 . The 37 nm UCNP is the least power sensitive and its R HS ratios do not show any increase even the excitation power density is over 140 W / cm 2 . For the 65 nm UCNP, an obvious R HS increase appears after 90 W / cm 2 , but is still in a small step, from 0.19 at 86 W / cm 2 to 0.23 at 121 W / cm 2 . For the largest 140 nm UCNP, the R HS at the UCL saturation ͑62 W / cm 2 ͒ is only 0.18. The above results hint that the thermal effects due to the excitation power are insignificant before the UCL saturation for all the three ␤-UCNPs. In this work, a power of 60 W / cm 2 is then selected for the temperature-only dependent UCL study. The UC emission spectra are then collected at different temperatures and one example ͑35 nm͒ is shown in Fig. 3͑a͒ . Figure  3͑b͒ shows Ln͑R HS ͒ versus 1/T for all the three samples.
From Fig. 3͑a͒ , it can been seen that the decrease of the 4 20 On the other hand, owing to Boltzmann's distribution, the increase in the temperature favors the population of the higher energy level, hence the transition of 2 H 11/2 -4 I 15/2 is less affected with increasing temperature at the beginning and even shows a slight increase ͑351 K versus room temperature͒. Figure 3͑b͒ shows the same slopes of the three curves of Ln͑R HS ͒ versus 1/T for three differentlysized UCNPs. This indicates that the particle sizes and fraction of surface defects play little influence on the R HS , and all sized UCNPs have an equivalent thermal sensitivity. Counting the R HS values in Fig. 2͑b͒ and fitting into the curves in Fig. 3͑b͒ , the localized sample temperature induced by the excitation power at the UCL saturation is between 300 and 320 K.
The above observations are different from the literature results on the Yb/Er codoped Y 2 O 3 and Gd 2 O 3 UCNPs in which the significant R HS and temperature increase with the excitation power were observed before the UCL saturation, and meanwhile there were size and particle size effects on R HS too. 23, 24 First of all, we think the literature results were based on the complicated experimental conditions. The literatures studied the thermal effects induced by the high excitation power, hence many power dependent factors, e.g., the competition between linear decay and UC processes, will affect nonirradiative transition between 4 S 3/2 and 2 H 11/2 . As a result, R HS ratio is not just the temperature-dependent parameter, the size and ion doping dependent R HS ratios that affect an ETU process were also observed on the oxides UCNPs. 24 In this work, using a low excitation power ͑500 mW, ϳ60 W / cm 2 ͒, we did not observe the dependence of R HS ratios on particle sizes ͓Fig. 3͑b͔͒, nor was on the dopant concentrations and Yb/Er ratios. Figure 4 shows R HS ratios versus temperature by varying the Er% and Yb% compositions. The ratios of Yb/Er are 2.5 to 20 in our work, and 1 to 10 in the literature. 24 Our results disclose that dopant concentrations and ratios that have been applied to prepare and adjust the UCL of the NaYF 4 based UCNPs have no effect on R HS ratios.
There are some other potential reasons could be ascribed to the observation differences between the literatures and our work. For example, the literatures applied 488 nm excitation source to investigate R HS ratios, 20, 24 which no wonder showed different energy transfer routes. It is also worthwhile pointing here that the oxides and fluorides hosts have different phonon energies, 700 cm −1 versus 360 cm −1 for Gd 2 O 3 and NaYF 4 , respectively. 16, 24 Therefore, the oxides are more susceptible to ion-lattice interaction and multiphonon relaxation. The deeper investigations are beyond the scope of this work, which are to be addressed in our future effort. The heating system and excitation power selected in this work have promised the temperature-dependent R HS study of the newly developed NaYF 4 based UCNPs. Meanwhile, we believe the information would be useful to clarify some complex observations reported in the present literatures.
For potential thermal sensing materials, the heating damage and thermal stability of the UCNPs need to be evaluated. The UC emission spectra and R HS ratios of the samples were then recorded at least at five different temperatures. After heating, the samples were cooled back to the room temperature and the UC emission spectra were recollected. Example of the 140 nm UCNPs is shown in Fig. 5͑a͒ . Figure 5͑a͒ shows that after cooling the sample back to the room temperature, the UCNPs lose part of the original UCL intensity. This could be attributed to the interface damage between the hydrophobic ligands and NP surface. This damage can be observed directly from the sample changing to a darker color after the heating temperature was over 400 K. This heating damage and less thermal stability could be in that the organic ligands cannot protect the crystallinity at the inorganic-organic interface at high heating temperature. This motivated us to improve the thermal stability the ␤-UCNPs. After cooling back to room temperature, the UCL intensity of the green emissions for silica coated UCNPs came back to the original intensity. After comparing the R HS ratios versus temperature of the samples with and without silica coating ͓Fig. 5͑c͔͒, the similar slopes of R HS versus T͑K͒ result. It is worthwhile mentioning that the saturation power of the silica coated sample was also enhanced. ͑ϳ1.28 W, 163 W / cm 2 , not shown͒. All the above results indicate that the silica protection increase the thermal stability, but not change the thermal sensitivity.
V. CONCLUSIONS
In summary, we have designed a heating system to measure the temperature-dependent UCL of the ␤-NaYF 4 :Yb,Er UCNPs. The studies of the effects of particle size, doping concentration and ratios, and silica encapsulation on UCL versus excitation power and UCL versus temperature reveal that the thermal sensitivity ͑R HS ͒ is only dependent on temperature at the low excitation power. The much enhanced thermal stability of the silica coated UCNPs and biocompatible silica layer indicate the promising applications in thermal sensing and biomedical materials.
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